We demonstrate a simple technique to prepare and determine the desired internal quantum states in multi-Zeeman-sublevel atoms. By choosing appropriate coupling and pumping laser beams, atoms can be easily prepared in a desired Zeeman sublevel with high purity or in any chosen ground-state population distributions. The population distributions or state purities of such prepared atomic states can be determined by using a weak, circularlypolarized probe beam due to differences in transition strengths among different Zeeman sublevels. Preparing well-defined internal quantum states in multi-Zeeman-sublevel atoms (or spin-polarized quantum-state engineering) will be very important in demonstrating many interesting effects in quantum information processing with multi-level atomic systems.
modulation [3] [4] [5] in the multi-level atomic assembles. Previously demonstrated techniques to measure ground-state population distributions include using a set of Stern-Gerlach measurements [14] and making use of light-induced momentum transfer [15, 16] .
In this letter, we present a simple procedure to prepare any desired internal quantum states at various Zeeman sublevels, and more importantly, we demonstrate a new technique to determine the ground-state population distributions simply by applying a weak circularlypolarized probe laser beam. The preparation of the desired quantum state is achieved by combining optical pumping from two polarized laser beams. The basic mechanism for detecting and determining the prepared internal quantum state is to make use of the differences in transition strengths among different Zeeman sublevels (different Clebsch-Gordan coefficients), as shown in Fig. 1(b) for the D1 line of 87 Rb atoms, and the changes in the corresponding multi-dark-state resonances (MDSR) or multiple EIT structure [as shown in Fig. 1(c) ] [17] . By combining the measured probe spectrum with the theoretical calculation, one can easily determine the ground-state population distribution and the purity of the prepared quantum state with high precision.
The experiment was performed with D1 line of 87 Rb atoms, as shown in Fig. 1(b) , in a vapor cell magneto-optical trap (MOT) [17] . The diameter of the trapping beam is about 1 cm.
The trapped 87 Rb atom cloud is about 2 mm in diameter and contains about 10 9 atoms at the temperature of about 200 μK. The probe and coupling beams are from two extended cavity diode lasers with linewidth of about 2 MHz. The probe laser frequency is scanned at a speed of 1.3 kHz/s across the 5S , F=1→5P 1/2 1/2 , F'=2 transition and the frequency of the coupling laser is locked to the 5S , F=2 → 5P 1/2 1/2 , F'=2 transition. The weak probe beam is leftcircularly-polarized and the strong coupling beam is linearly polarized in z direction [as 3 shown in Fig. 1(a) ]. The coupling beam propagates along x axis through the cold atoms while the probe beam propagates along z axis through the cold atoms. The diameters of the coupling beam and the probe beam are 2.6 mm and 0.5 mm, respectively. A uniform magnetic field of about 150 mG in the direction along z axis is applied at the location of the cold atoms. Two beams overlap at the center of the cold atom cloud. During the experiment, the on-off sequence of the trapping, repumping, coupling, and probe beams is controlled by four acousto-optical modulators (AOM). The experiment is cycled at 10 Hz. In each cycle, first 99 ms is used for the cooling and trapping of the 87 Rb atoms. We switch on the coupling beam at the same time as we turn off the MOT (trapping and repumping beams, as well as the magnetic field). 0.1 ms later, the probe beam is turned on and the transmitted probe beam from the cold atoms is detected by an avalanche photodiode.
The relevant energy levels are shown in Fig. 1 c2 are the Rabi frequencies for the same coupling field E c corresponding to different transitions. When the probe beam scans through the transition from 5S 1/2 , F=1 to 5P 1/2 , F'=2, one observes the multiple EIT peaks (or MDSR), as shown in Fig. 1(c) , due to the multiple EIT windows plus the central absorption peak [17] .
To quantitatively determine the ground-state populations of the prepared atomic spin states, we theoretically modeled this multi-Zeeman-sublevel atomic system with 13 atomic energy levels and two laser beams. The susceptibilities of the probe field coupling the states
, and → are: involving all Zeeman sublevels in the system [19] . The total probe field susceptibility is given by 0
(
By fitting numerically calculated curves from Eq. (2) to the measured MDSR signal, as shown in Fig. 1 (c), one can determine the population distributions , , and . We first fit the theoretically calculated results (dotted line) to the experimentally measured data (solid line) in To prepare atoms into a well-specified spin-polarized state, a polarized pumping beam E is added, which is on resonance with the transition from 5S , F=1 to 5P ) and far sides due to larger EIT window formed by states , , and .
Next, we add the pumping beam in the theoretical model and calculate the probe beam susceptibilities. By letting the pumping beam to be left-circularly-, right-circularly-, and linearly-polarized, respectively, in the theoretical calculations, we can calculate the probe beam susceptibilities and fit them to the experimentally measured results as given in Fig. 3 Fig. 3(b) ]. When the pumping beam is changed to be linearly polarized, the ground-state populations are
, respectively, with N F1 =0.6×10 11 cm -3 [as given in Fig. 3(c) ]. In all these cases, the pumping power is kept to be a constant (13.6 mW). As one can see that the purities of the prepared spin-polarized states are quite high (>96%). It is worth to note that the total density of atoms in the 5S 1/2, F=1 states is N F1 =1.22×10 11 cm -3 in the absence of the pumping beam, while N F1 becomes 0.6×10 11 F2 changes as the polarized pumping beam is turned on, which modifies the total ground-state population on the 5S 1/2, F=1 state (N ).
F1
Using this technique, we can not only prepare pure spin-polarized ground states in this multi-Zeeman-sublevel atomic system, but also create and determine any desired ground-state population distributions. By decreasing the intensity of the pumping beam in different pumping beam polarizations (as in the cases of Fig. 2) , we can obtain different ground-state population distributions. Figure 4 shows different probe signals obtained at different powers for left-circularly-polarized pumping beam [ Fig. 2(b1 Fig. 4(a) . As the pumping power is increased to be larger than 5 mW, atoms will mostly be pumped into the |a -1 > state, as the case shown in Fig. 3(a) . When the pumping power is lowered to 1 mW, a ground-state population distribution of , ,
, as shown in Fig. 4(b) , is obtained. As the pumping power is further reduced to 0.5 mW, the ground-state population distribution becomes , , , as shown in Fig. 4(e) , which is basically the same as the results when without the pumping beam [ Fig. 1(c In summary, we have developed an efficient and easy way to prepare desired spinpolarized ground-state population distribution in a multi-Zeeman-sublevel atomic system and demonstrated a simple optical scheme to determine the population distributions with high precision. This technique is based on the differences in the transition strengths among different Zeeman sublevels and the companion MDSR spectra. We have shown that more than 96% state purity can be easily achieved in any one of the ground states, and any other desired state mixings can also be prepared and determined, which constitute a complete spinpolarized quantum state engineering. Such prepared initial atomic states can be used for demonstrating quantum phase gates in four-and five-level atomic systems, improving quantum state storage in atomic assembles, preparing atomic states for entanglement, and using in many other quantum information processing schemes. 
